The effect of magnetic fields on chemical reactions through the RP (radical pair) mechanism is well established, but there are few examples, in the literature, of biological reactions that proceed through RP intermediates and show magnetic field-sensitivity. The present and future relevance of magnetic field effects in biological reactions is discussed.
Introduction
Man has long been fascinated with magnetic fields: bewitched by the unseen force that magically attracts and repels objects. Rather unsurprisingly, man has equally been fascinated with the influence these strange fields may have on human beings, and thus magnetic devices and therapies in various guises have been favourites of medical quackery down the ages. The energy change an electron undergoes when placed in even strong magnetic fields (>1 T) is weak relative to the thermal energy, kT, and thus for a long period of history, physicists predicted no effects of magnetic fields on chemical reactions. Things changed with the discovery of the SCRP (spin-correlated radical pair) in the 1960s. Anomalous line intensities were observed in the NMR [1] [2] [3] and EPR [4] spectra of chemical reactions involving free radical intermediates. These phenomena were labelled CIDNP (chemically induced dynamic nuclear polarization) and CIDEP (chemically induced dynamic electron polarization) respectively. A theory known as the RPM [RP (radical pair) mechanism] was rapidly developed and refined to explain these phenomena [5, 6] , and this led to the prediction that certain free radical reactions could show reaction rates and yields sensitive to the application of moderate external magnetic fields (of even only a few millitesla). The first such experiments were performed in the 1970s [7, 8] and research in this new field of 'spin chemistry' has continued unabated since.
The relevance of RPs to biochemistry is manifold. Spin chemical methods have had important roles in clarifying a number of important biological processes. Perhaps the most significant areas are the photosynthetic reaction centre and protein folding. In the former, modified reaction centres were found to generate long-lived, magnetic field-sensitive RPs that allowed spin-sensitive techniques to unravel much detail about the dynamics of the electron transfer chain (see, for example, [9, 10] ). With regard to protein folding, the use Key words: chemically induced dynamic nuclear polarization (CIDNP), electron transfer chain, magnetic field effect, radical pair, time-resolved measurement. Abbreviations used: BET, back electron transfer; CIDNP, chemically induced dynamic nuclear polarization; EAL, ethanolamine ammonia lyase; HRP, horseradish peroxidase; MFE, magnetic field effect; RP, radical pair; RPM, RP mechanism; S, singlet; T, triplet. 1 To whom correspondence should be addressed (email jonnywoodward@csd.res.
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of photosensitive dyes allows the reversible generation of RPs with surface bound aromatic amino acid residues. The technique of photo-CIDNP produces and observes these pairs by means of the CIDNP in their NMR spectra [11] . The technique has developed in sophistication and has proved a very important weapon in the armoury of scientists working in this field [12, 13] . Neither of these methods, however, involves the study of RPs generated in Nature, which are of primary concern in two key areas.
Effects of magnetic fields on human health
Extensive epidemiological research has searched for links between exposure to environmental electromagnetic fields and human health. At present, analysis of all the studies to date still suggests a statistically significant link between environmental fields generated from power distribution circuits and childhood leukaemia [14] [15] [16] . RPs are obvious candidates as the potential carriers of magnetic fieldsensitivity in animals, and numerous studies have been undertaken to observe MFEs (magnetic field effects) on biological reactions and indeed whole organisms in the laboratory. However, there remain very few examples in the literature where clear MFEs involving RPs in biological reactions have been observed and successfully reproduced. This is particularly true with respect to MFEs in enzymatic reactions, which are discussed in more detail below.
Navigation of animals in the geomagnetic field
Very recently, researchers have used Google Maps to determine that deer and cattle align themselves with the Earth's magnetic field while grazing [17] . Better known is the ability of a number of animals to use the geomagnetic field for navigation [18] . Most familiar is the migratory behaviour of birds. Early models for the mechanism of this navigation involved the use of solid pieces of magnetic material (magnetite) that exerted a force on biological structures, determined by the strength and direction of the geomagnetic field. Recently, however, many studies have shown properties of bird migratory behaviour (for example, the inability of robins to navigate in the dark or in red light) to be at odds with this model. RPs have recently been re-proposed as carriers of the navigation mechanism [19] (based on the original proposal by Klaus Schulten in 1978 [20] ), and cryptochromes (light-activated protein molecules) have been proposed as being the potential location of the RP. Exciting recent work on cryptochrome-containing plants [21] , the effect of radiofrequency fields [22] , flash photolysis of photolyases [23] and magnetic field studies of model compounds [24] have all strengthened this proposal, and rapid progress is anticipated in the near future.
Mechanisms of magnetic field-sensitivity in RPs
There exist many excellent review articles and books that discuss the dynamics and field-sensitivity of RP reactions in great detail (e.g. [25] [26] [27] [28] [29] ), so the discussion here is brief. The most important concept is that when two radicals react together, either to form a bond or by electron transfer, spinstate multiplicity must be conserved and the Pauli principle places restrictions on the orbitals in which the electrons may eventually reside. For a pair of simple organic free radicals, the common situation is that radicals that encounter parallel electron spins usually cannot react, as the only acceptable spin configuration of the products contains a high-energy triplet state molecule. The overall spin multiplicity of the RP itself is also labelled as singlet (S) or triplet (T) and, in general, singlet state RPs are reactive and triplet state RPs are not. There are exceptions to this rule, for example when one of the members of the RP is a transition metal ion and the singlet configuration of the products is not necessarily the lowest energy (e.g. [30] ).
The key to magnetic-sensitivity lies in the ability of singlet RPs to interconvert to triplet RPs and vice versa. Figure 1 shows a typical electron transfer process that may occur in an enzyme reaction to generate an RP. First consider the simple case that no BET (back electron transfer) can take place but that the triplet and singlet states of the RP react to give different products. The mechanism by which singlet and triplet RPs can interconvert is magnetic field sensitive and so the magnetic field can alter both the rate and yield of the reaction. If, however, the triplet and singlet RPs both produce the same products with equal rate constants, then the reaction is insensitive to magnetic fields unless BET to the starting material is possible. In this case, for experiments in which electron transfer is initiated rapidly (e.g. photochemically with a laser flash or by rapid mixing of enzyme and substrate), then the overall reaction yield will be field sensitive. However, if the electron transfer is continuously initiated (for example during substrate turnover by an enzyme), then the final yield will be unchanged but the rate at which the product is produced is magnetic field sensitive.
The effect of a magnetic field on the S-T state interconversion process is highly nonlinear. For RPs in which incoherent spin relaxation is slow relative to the lifetime of the RP, there are three main magnetic field domains in which the behaviour of the rate of S-T state mixing with magnetic field differs (Figure 2) .
In zero magnetic field, interconversion between the S state and all three T states is possible. The mixing is driven by differences in the local magnetic field experienced by the unpaired electrons of the two radicals in the pair, which arises either due to differences in their g values or due to their hyperfine coupling to nearby spin-active nuclei. Now consider applying an external magnetic field of increasing strength to the sample. In zero applied field, there are some RP spin states that are degenerate and cannot interconvert. This degeneracy is broken as a weak external field is applied and interconversion becomes possible. Thus, for very weak applied field, observation of an increase in the rate of S-T state mixing is possible. However, as the field is increased, two of the triplet states (now labelled T +1 and T −1 ) begin to separate in energy (due to the electron Zeeman effect, responsible for generating the energy level separation in EPR). Interconversion from S to these two states becomes increasingly inefficient until the only interconversion process possible is between S and the remaining triplet state, T 0 . Thus, at intermediate fields, a saturating reduction in S-T mixing rate is observed. As the field is increased still further, the difference in local field of the S and T 0 states due to their difference in g values increases and S-T 0 interconversion becomes increasingly efficient, leading to an increase in the overall rate of S-T interconversion.
There are two other very important points to bear in mind. First, if the two members of an RP are too close together (typically less than 10 Å ; 1 Å = 0.1 nm), there is a large energy difference in the S and T states owing to the electron exchange interaction, and no S-T interconversion can take place. Secondly, if the relaxation time of either of the radicals in the pair is short relative to the RP lifetime, then the effects of the magnetic field will be diminished or even removed.
Thus, for a biological reaction to show an MFE through the RPM, it must generate an RP whose members relax slowly and are either a suitable distance apart or can diffuse freely to such a distance. The singlet and triplet RPs must display different reactivity. Clearly, the reaction step must also be rate defining to some extent in the overall reaction process.
MFEs in enzymes
Despite the relatively large number of enzyme reactions involving radical intermediates, there are very few reliable observations of MFEs on enzyme reactions. The first widely Figure 2 Magnetic field dependence on S-T interconversion rate for a typical RP reaction accepted observation of an MFE in an enzyme reaction was by Harkins and Grissom [31] on adenosylcobalamin-dependent EAL (ethanolamine ammonia lyase). MFEs were reported on steady-state turnover parameters and then stopped-flow experiments [32] pinned down the field-sensitivity to the initial bond homolysis step. The next significant observation was also by Grissom and collaborators and was on HRP (horseradish peroxidase) [30] . This study also appears to show the expected inversion effect at weak magnetic fields: the first such observation in an enzyme. Observations of MFEs in other enzymes have been lacking until recent studies on enzymatic ATP synthesis [33] and Escherichia coli DNA photolyase [23] .
We initiated a programme of research into MFEs in enzyme reactions and, after constructing custom apparatus, used the HRP reaction to test and calibrate the system. We were unable to reproduce the field effects previously reported and uncovered serious problems with the data analysis performed in the original work [34] . The HRP system is not necessarily a natural candidate for MFEs as the proposed RP is entirely hypothetical and one of the pair members is an iron ion that, in similar states, relaxes very rapidly.
We have also reinvestigated the experiments performed to determine the magnetically sensitive step in EAL using stopped-flow spectrophotometry [35] . Again, we were unable to reproduce the observed effects in this system, either by using the original experimental protocol of rapid mixing of apoenzyme with a mixture of substrate and cofactor, or by direct observation of the rapid bond homolysis step. Returning to original photolysis experiments on adenosylcobalamin in solution [36] , we were successfully able to reproduce these effects. In addition, we have also observed MFEs on the photolysis of EAL holoenzyme (A.R. Jones, N.S. Scrutton and J.R. Woodward, unpublished work). Such an observation provides an important insight into the behaviour of this enzyme. In the photolysis case, the observation of field effects indicates that RP recombination is in competition with forward reaction, mediated by S-T interconversion of the RP. However, when EAL acts on ethanolamine as a substrate, the absence of any observable field effect indicates that the RP recombination process no longer competes with forward reaction, indicating onward rapid reaction or stabilization of the RP. This is an excellent example of why magnetic field studies can be usefully applied to enzyme reactions; they allow the observation of reaction steps or the competition between rapid reaction processes that cannot be observed otherwise.
New techniques for rapid time-resolved measurements
We have recently developed instrumentation [37] for providing details on the dynamics of RPs in chemical reactions using rapidly switched magnetic fields. RPs are typically generated by laser photoexcitation of molecules, which subsequently undergo electron transfer, homolytic bond cleavage or atom abstraction. Application of a magnetic field changes the product yield and so the concept behind the technique is that the kinetics of RPs can be probed directly by very rapidly switching on a magnetic field at a variable point in time after the original reaction initiation process. If the magnetic field is applied after all RPs have gone, then no effect on the reaction yield is observed. However, if RPs are present when the field is switched on, the yield of the reaction will be modified to an extent dependent on the number of RPs present. Thus, by gradually shifting the timing of the magnetic field pulse relative to the timing of the radical generation event, the time dependence of the RPs produced can be monitored directly (Figure 3) .
Our rapid field switching circuitry is capable of switching fields of up to approx. 40 mT in less than 10 ns. The field can be swept in small time increments (typically 1-10 ns) to provide detailed kinetic information. One of the uniquely powerful features of this approach, of great relevance to the study of biological reactions, is that only a rapid reaction initiation is required. The method employed to measure the yield of the reaction need not be time resolved. Time resolution comes from the timing of the magnetic field pulse relative to the initiation event and so slow or even offline techniques of product analysis may be employed. The other advantage of the technique over other spin-sensitive methods is the relatively simple experimental arrangement. To perform the experiment a small pair of magnetic coils (typically with a diameter of a few millimetres) needs to be mounted around the sample reactor with no other restrictions. We recently [38] used the technique to isolate MFEs from RPs formed in a flash photolysis event (known as geminate RPs) from those formed later in time by random encounter in solution (known as freely diffusing RPs). The rapidly switched field experiment was uniquely powerful in distinguishing between these spectroscopically identical species.
Summary
Application of MFEs in enzymology remains relatively underexploited. This may be due to the lack of fieldsensitivity in most of the enzyme reactions but may equally reflect the unfamiliarity of most enzymologists with the nature and properties of RP intermediates. Indeed, given the ubiquity of electron transfer and bond homolysis steps in enzyme action and the ability of enzyme-active sites to control the relative locations of reactive species, proteins seem to be good candidates for housing magnetically sensitive RPs. Enhanced dialogue between the spin chemistry and enzymology communities may yield fruitful discoveries along these lines of investigation.
